Mesoporous silica rods were prepared inside the channels of porous anodic alumina membranes (PAAMs) by a solvent evaporation method using a precursor solution containing P123 block copolymers. The orientation of the mesochannels within the PAAM channels could be controlled by applying high magnetic field processing under 30 T. When the magnetic field was applied parallel to the PAAM channels, mesochannels were successfully induced parallel along the magnetic direction. Such magnetically induced mesochannels were directly confirmed by TEM observation.
Introduction
Since the discovery of mesoporous materials in 1990, 1) a wide variety of periodic mesoporous structures have been designed under various synthetic conditions.
2)-7) The alignment control of mesochannels has been intensively studied in recent years, and it is a significant topic in relation to advanced nanomaterials with controlled functions. Many techniques for the alignment of mesochannels have been developed to date, 8) , 9) including electrically induced orientation, 10) photo-induced polymer orientation, 11 ), 12) shear flow, 13) use of anisotropic 14) or modified surfaces, 15) , 16) and use of unique synthetic conditions. 17), 18) Recently, the synthesis of mesoporous materials within the regular and straight channels (with a diameter size of generally 200 nm) of porous anodic alumina membranes (PAAMs) has been explored as an element of morphological control. 19) In addition, such mesochannels (with a uniform diameter) filled inside the membrane have potential use for the precise size-exclusive separation of molecules. To date, mesoporous rods have been prepared at straight channels of various matrixes, such as polycarbonate membranes 20) and macroporous silicon substrates. 21) In the synthetic approach, surfactant-based precursor solutions are penetrated into the matrixes and dried until the solvents are completely evaporated. When cetyltrimethylammonium bromide (CTAB) is used as a structural direct agent, the long axes of the mesochannels are aligned with the long axes of the PAAM channels (i.e., columnar orientation). 22) , 23) From the standpoint of molecular separations, the mesochannel direction should be parallel to the PAAM channels. However, when nonionic surfactants, such as block copolymers of P123 and Brij 56, are used as large structural direct agents, in most cases, the mesochannels are oriented perpendicular to the PAAM channels and circularly packed like stacked donuts.
24)-28) Only a very small fraction of the rods have a columnar orientation.
24)-28) In previous cases, the orientation directions of the mesochannels strongly depended on the synthetic conditions (e.g., the kind of surfactant, surfactant concentration, reaction temperature, and humidity).
24)-29) The columnar orientation of large-sized mesochannels inside the PAAM channels are in considerable demand for the incorporation and separation of large-sized molecules.
Our objective in this study is to achieve the orientation along the PAAM channel direction of large mesochannels prepared from P123 block copolymers. Here, we demonstrate the magnetically induced orientation of mesochannels along the PAAM channels (pore diameter, 200 nm) of commercial PAAMs (Whatman, Anodisc 25) independently of the synthetic conditions. It is well known that a high magnetic field is effective even for paramagnetic or diamagnetic materials with extremely smaller magnetic susceptibility than that of magnetic transition materials.
30)-34) Surfactants, which have been used as templates for the preparation of mesoporous materials, are among diamagnetic materials.
35)-38) It has been previously shown that, under a high magnetic field, the rod-like macromolecules formed through the self-assembly of surfactants are uniaxially oriented due to the magnetic anisotropies of the constituent surfactant molecules.
39)-41) Furthermore, the hybrid magnets used in this study can provide a steady and uniform magnetic field of 30 Tesla in the diameter of 52 mm bore space. In other words, the same magnetic force can be applied along a whole of the PAAM channels at the same time. Therefore, the present processing should be effective for the orientation control of mesochannels JCS-Japan in very confined areas without complex preparative conditions.
Experimental

Materials
Tetraethoxysilane ((C2H5O)4Si, TEOS, purity > 99.0%) as a Si source was purchased from Kishida Chemical Co. Polyethylene oxide-polypropylene oxide-polyethylene oxide triblock copolymers of EO20-PO70-EO20 (Pluronic P123) were purchased from Aldrich Chemical Co. Ethanol (C2H5OH) and hydrochloric acid (HCl) were purchased from Junsei Chemical Co. and Kanto Chemical Co., respectively. The PAAMs (Whatman, Anodisc 25) used as templates have an average pore diameter of about 200 nm and a thickness of 60 μm.
Preparation of mesoporous silica rods
The precursor solution was prepared according to a previous report.
42),43) TEOS (5.2 g), ethanol (6 g), and a diluted HCl (pH 2) solution (2.7 g) were mixed. After stirring for 20 min, P123 (1.38 g) and ethanol (4 g) were added and stirred for 3 h. The total molar ratio was 16.6 TEOS / 0.158 P123 / 0.0180 HCl / 145 C2H5OH / 100 H2O. The precursor solution was loaded into the channels of the PAAMs by dip-coating. The loaded PAAMs were immediately placed into the hybrid magnet within a few seconds (Fig. 1) . They were dried for 2 h at room temperature under an extremely high magnetic field (30 T). The extremely high magnetic field of 30 T was generated by a hybrid magnet at the Tsukuba Magnet Laboratory at NIMS, which consists of a 14 Tesla superconducting magnet and a 16 T water-cooled resistive magnet. The magnetic field was applied parallel to the channels of the PAAMs. Argon gas flow in the bore of the hybrid magnet was controlled during the synthesis to keep the condition of humidity. After drying, the as-prepared PAAMs were calcined at 500°C for 6 h at the heating rate of 1°C/min. Then, the PAAMs were completely dissolved in 5 mass% H3PO4 to obtain mesoporous silica rods under ambient conditions. TEM images were observed by a JEOL JEM-2010 transmission electron microscope using an accelerating voltage of 200 kV. Figure 2 shows the SEM images of the silica rods prepared without a magnetic field and under 30 T. A simple infiltration approach leads to the successful formation of silica rods with a uniform size. The diameter of the rods was about 200 nm, which coincided with the pore size of the channels of the original PAAMs. Also, the final products were analyzed by EDX attached with the SEM and the results indicated that the final products contained no Al and/or other species, meaning the removal of the original PAAM.
Results and discussion
The mesostructure inside the silica rods was further investigated by TEM observation. Figure 3(a) is a representative TEM image of the mesoporous silica rods prepared without a magnetic field. It was clearly observed that the tubular mesochannels were circularly packed around the PAAM channel surface (i.e., the formation of stacked donut-like mesostructures), which coincided with previous reports of the preparation of mesoporous silica rods 25)-28) (Fig. 4(a) ). The formation of these unique mesostructures is due to the confined growth of 2D hexagonally ordered mesochannels within the cylindrical channels of the PAAMs. On the other hand, when the same precursor solutions were cast onto flat substrates, 2D hexagonally ordered mesochannels were oriented parallel to the substrate surface. 40) Therefore, the effect of the confinement can be thought to be equivalent to rolling up a flat substrate surface into a scroll. 24) In previous report utilizing an emulsion method, it was reported that the mesochannels were aligned parallel along the alumina pore channels.
29) The orientation of mesochannels was strongly dependent on the experimental conditions, such as the compositions of precursor solutions and reaction conditions (e.g., temperatures and humidity).
24)- 29) In the present system, we applied a dip-coating method for the penetration of the P123-based precursor solution into the PAAMs. In this case, all the mesochannels were circularly packed around the PAAM channel 
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surface like stacked donuts, 25)-28) which is in contrast to the emulsion system. 29) When a high magnetic field of 30 T is applied along the PAAM channels, many rods (> 50%) contain the mesochannels induced to orient along the applied magnetic direction (i.e., the PAAM pore channels) (Figs. 3(b-1), 3(b-2) , and 4(b)). The observed mesochannels are not straight but are bended inside the channels. Consequently, the mesochannels are not completely oriented parallel along the long axis of the PAAM channels (The reason is described latter.).
In some parts, near the surface of the PAAMs, a few layers of 1D cylindrical mesochannels are aligned along the edges due to strong interactions among the surfactant molecules, the silica species, and the PAAM surface (Fig. 3(b-3) ). At the inner parts in which the preferential interactions between the surfactant molecules and the surface become weak, a few mesochannels are induced along the magnetic direction.
The P123 molecular axis tends to be oriented perpendicular to the direction of the magnetic field because the P123 molecules consisting of organic chains have negative magnetic susceptibilities. 39 )-41) The ΔE of diamagnetic domains composed of self-assembled surfactants is generally given by the following Eq. (1). Once the ΔE exceeds the thermal energy, the liquid crystals can be simply aligned. However, an individual molecule cannot be affected by a magnetic field (n = 1) because the magnetic energy is very small compared with the thermal energy. As Figure (a-2) is an enlarged image of the square area in Fig. (a-1) . 
ethanol in the precursor solution is preferentially evaporated inside the PAAM channels, the gradual increase of the surfactant concentration drives the self-organization of surfactants. As surfactants are aggregated to form rod-like assemblies, the total magnetic energy can overcome the thermal energy. The rod-like assemblies can then be aligned along the direction of the magnetic field.
(where n is the number of assembled surfactants, Δχ is anisotropic diamagnetic susceptibility which is expressed by the difference of the parallel-and perpendicular magnetic susceptibility to the long axis of constituent surfactants, μ0 is the magnetic permeability of vacuum, and H is the applied magnetic field.)
In the present system, the polymerization of silica species occurs simultaneously during the magnetic orientation of rodlike assemblies. Therefore, the alignment time, i.e., the time required for the magnetic orientation of liquid crystals to terminate, is expected to be longer (as calculated from magnetic susceptibility and applied magnetic force. 37) ) As the polymerization proceeds by the evaporation of ethanol, the viscosity of the precursor solution becomes higher. This fact suppresses the smooth magnetic orientation of rod-like assemblies.
Another reason that the magnetic orientation of rod-like assemblies was delayed is the strong interaction among the surfactant molecules, the silica species, and the PAAM surface. To clarify this point, in another experiment, mesoporous silica rods prepared from the same precursor solution under 12 Tesla were generated with a superconducting magnet. Unfortunately, all the mesochannels were circularly packed around the PAAM channel surface (Fig. 5) , resulting in similar mesostructures to those without a magnetic field. The magnetic effect was not observable at all. In our previous reports on continuous mesoporous silica films from the same precursor solution, a magnetic field under 12 T allowed the effective orientation of mesochannels to some extent. 39) In this case, the mesochannels were oriented parallel to the substrates near the substrate due to the strong interaction between the surfactant molecules and the substrate surface. At the inner parts of the films, the mesochannels were induced along the magnetic direction because the interaction was weaker. However, in the present system, the effect by the strong interaction reached the center parts of the PAAM channels because the diameter of the PAAM channels was, at most, 200 nm. For magnetically induced orientations, it is required that the magnetic effect overcome the strong interaction. From these results, the magnetic energy generated under 12 T could not overcome it. When 30 T was applied, the magnetic energy was calculated to be 6.25 times that of 12 T from Eq. (1). An enormous amount of magnetic energy generated under an ultra-magnetic field of 30 T is vital for the orientation controls of mesochannels within the PAAM channels.
By the application of 30 T, the large mesochannels prepared from block copolymers could be forcibly oriented along the PAAM channel direction, although the effect was incomplete. To achieve completely columnar orientations, the confined effect and the strong interaction on the PAAM surface should be reduced. To achieve these goals, the use of larger-sized PAAM channels or surface modifications of PAAM channels will be important in the near future.
Conclusion
We demonstrate the magnetically induced orientation of mesochannels along PAAM channels by applying high magnetic field processing. The mesochannels oriented along the PAAM channels are desirable from the standpoint of molecular separation. PAAMs having oriented mesochannels should lead to excellent transportation of molecules throughout the PAAMs. The present strategy, utilizing an extremely high magnetic field of above 30 T, is widely applicable to any kind of surfactant. In addition, the diameter and shapes of the PAAM channels were controlled by changing the anodization conditions. Therefore, we can design tailored membranes in a controlled manner for future applications.
